Abstract: Basing on the simulation results, it is shown that the Townsend mechanism of electron multiplication in a gas at su¯ciently large interelectrode distances is valid at least up to such large values of E/p at which relativistic electrons are generated. Correspondingly, the runaway electron producing in a gas is determined not by the local criteria accepted presently, but by the ratio of interelectrode distance and the characteristic electron multiplication length. It is shown that the critical discharge voltage U, at which the runaway electrons appear in a given gas, is a function of the product of the interelectrode distance by the gas pressure. This function (U -pd dependence) de nes not only well-known Paschen curve but also an additional branch, which describes the absence of a self-sustained discharge at a high voltages su¯ciently rapidly supplied across the electrodes. Critical discharge voltage dependence for helium and xenon are presented.
Introduction
The phenomenon of electron runaway in a fully ionized plasma arise from the fact that in a su±ciently strong electric¯eld the gain of electron energy on a free paths is higher than energy losses in collisions with plasma particles. The Coulomb cross sections drop quadratically with growing of the colliding particles relative motion energy. Therefore, if in the plasma exists an external electric¯eld, a certain fraction of high-energy electrons always will be constantly accelerated. The phenomenon of electron runaway in plasma was ¤ E-mail: syakov@kapella.gpi.ru predicted [1] and investigated both numerically [2] , [3] and, for weak¯elds, analytically [4] long ago. This phenomenon is signi¯cant for impurity diagnostics and energy balance in a TOKAMAK plasmas [5] .
The phenomenon of electron runaway is also observed in gases [6] , [7] . Using the runaway electrons so-called open discharges [8] [9] [10] [11] were created and applied, particularly, for laser pumping [12] , [13] . Below, it will be shown that, contrary to the accepted point of view, the mechanism of electron runaway in gas-discharge plasma di®ers radically from those in fully ionized plasma. The runaway electrons in a gas arise within the framework of the Townsend ionization mechanism [14] . In this mechanism, the energy gained by electron in the external electric¯eld is compensated by the expenditure for gas excitation and ionization. As this take place, the runaway electrons arise when the characteristic multiplication length (inverse Townsend coe±cient) becomes comparable with or exceeds the electrode spacing.
On the runaway criterion
As distinct from the commonly accepted local criteria for electron runaway, we will consider that the runaway electrons arise in the case when the electrode spacing d becomes comparable with the characteristic multiplication length, that is, the reciprocal Townsend coe±cient ® ¡1 i . At ® i d ½ 1, the runaway electrons must predominate in the spectrum of electrons that reach the anode.
At a su±ciently large value of the ratio of electric¯eld intensityE to gas density N (or pressure p), an electron gets a su±ciently high energy " ² m e v 2 =2 = eEl over a mean free path l= 1/¾N . At increase of the electron energy, the cross section of all processes ¾ starts to decrease. This leads to decrease in the Townsend coe±cient (an increase in the multiplication length) and to the appearance of runaway electrons. In this case, as distinct from the currently prevailing point of view, the Townsend mechanism of electron multiplication itself remains in force for any values E and p if the interelectrode distance d is su±ciently large. Correspondingly, as the criterion for the appearance of a signi¯cant number of runaway electrons, we take
On the other hand, it is commonly considered that runaway electrons arise when the value of E/p exceeds a certain critical value that does not depend on d [6] , [7] , [14] .
Model used
In order to con¯rm the above suggestion, the multiplication and runaway of electrons in helium between plane cathode and anode at applied voltage U were simulated. One of the modi¯cations of the method of particles was used. This method was used formerly for simulation of the kinetic processes at near cathode layer in xenon lamp [15] . Electrons, which were generated at the cathode, had a randomly directed velocities, Poisson distribution of their starting energies and mean energy " 0 = 0.2 eV. The equations of motion of all the electrons were solved at short time steps, and elastic and inelastic collisions were simulated with probabilities determined by the cross sections of elementary processes. The electron-electron and electron-ion interactions were neglected. The cross sections for various processes used in this work (see Figure 1 ) were based on data [16] [17] [18] .
Townsend ionization regime
Calculations reveal that the Townsend ionization regime actually takes place and runaway electrons are virtually absent at all the considered reduced¯eld intensities E/p = 5 -5000 V/(torr . cm) if the interelectrode distances are su±ciently large d ¾ ®
¡1
i . With increasing distance from the cathode x, the number of acts of the gas atom ionization and excitation grow exponentially. At the same time, mean velocity and mean energy of electrons at su±ciently large distances from the cathode are constant (see Figure 2 ). The distribution function of electrons reaching the anode attains a maximum at low energies.
The slopes of the logarithms of the number of acts of ionization and of the current determines the Townsend multiplication coe±cient ® i . The multiplication coe±cient ® i , as commonly accepted, is proportional to the gas density (pressure) and essentially depends on the reduced¯eld intensity E/p. The following approximation is known for helium [14] , [19] :
However, calculations show (see Figure 3 ) that this approximation is correct only at relatively small reduced¯eld strength E/p < 200 V/(cm¢torr). At large values of E/p, the multiplication coe±cient ® i start to drop. The drop in ® i with increasing E=p is related to the drop in the ionization cross section at " > 100 eV, and the mean energy of electrons at E/p = 200 V/(cm¢torr) just comprises a close value "* = 70 eV. The mean velocity of electrons along the¯eld u x at small values of E=p is signi¯cantly smaller than the average magnitude of the transverse velocity u ? . The average velocities u x and u ? become equal only at E=p = 350 V/(cm¢torr). At E=p < 350 V/(cm¢torr), the directed velocity depends almost linearly on the¯eld strength
The dependence of the mean energy on the¯eld intensity can be approximated by the expression
The fact that u x ½ u ? at small¯elds (E=p ½ 350 V/(cm¢torr)) is explained in the following way. The velocity projection onto axis x can take both positive and negative values. At the same time, the magnitude of the transverse velocity is always positive. Therefore, in weak¯elds, when the velocity only slightly increases during the free path of an electron from one elastic collision to another and the distribution over velocities is almost isotropic, the average value of the velocity projection u x is considerably lower than the average value of the magnitude of the transverse velocity u ? . At high¯elds, when an electron gains a considerable energy during its free path, scattering becomes essentially nonisotropic, small-angle scattering prevails, and u x becomes larger than u ? .
Runaway electrons in helium
The Townsend ionization regime is attained at a certain distance from the cathode x ¹ ® ¡1 i , which corresponds to the characteristic multiplication length (see Figure 2) . On the other hand, if d < ® ¡1 i , the electron multiplication pattern changes radically (see Figure  4) . A signi¯cant part of electrons accelerate continuously: with increasing distance to the cathode x, both u x and "* grow. At this conditions, the peak of the energy distribution function of electrons near the anode corresponds to the maximum value of the energy eU = eEd gained by an electron in its path from the cathode to anode.
The criterion for the appearance of a considerable number of runaway electrons given by Eq. (1) can be rewritten in the universal form based on the character of the dependence of ® i on E and p. Assuming that
is a function characteristic of the particular gas, we obtain for the criterion given by Eq. (1):
This equation gives an implicit dependence of the critical voltage U cr at which large-scale electron runaway takes place on the product of the electrode spacing by the pressure pd. Based on the results of our numerical simulations and known experimental data, the following approximations can be proposed for helium:
A curve U cr (pd ) constructed on the basis of the numerical calculations results and Eq. (5) is presented in Figure 5 . A curve that determines the criterion for discharge ignition has a similar shape. Actually, the discharge ignition potential U br (pd ) is determined by the following condition:
Here,°is the secondary electron emission coe±cient.
Comparing the equations for the criteria for discharge ignition (Eq. (7)) and the criterion for electron runaway (Eq. (5)) gives the relation U br (pd ) = L ¢ U cr (pd /L), which was used in constructing curve U br (pd ) in Figure 5 .
The dependence U br (pd ) obtained in this way contains principally new information as compared to the known Paschen curve ( Figure 5 ). It is known that a Paschen curve is characterized by the right-hand and left-hand branches directed from the minimum of U br (pd ) to the regions of large and small pd values. These branches are actually obtained, and the results of our calculations are in a good agreement with experimental data. However, according to our consideration, the independent discharge ignition curve must additionally contain an upper branch due to the drop in ® i with increasing E=p. Finding out a minimum value of pd min at which independent discharge ignition is still possible (for helium, pd min º 1.8 Torr¢cm) is another important result of our consideration.
The existence of the upper curve of the independent discharge ignition curve is quite understandable from the general considerations. This branch is due to the drop in inelastic cross sections with increasing electron energy. In order to observe this branch, the voltage across the electrodes must be built up su±ciently rapidly until the ionization wave reaches the anode and the plasma short-circuits the electrodes.
Runaway electrons in xenon
Similar to the case of helium calculations were carried out for xenon and similar set of results were obtained (Figures 6 and 7) . The following approximation is known for xenon [14] , [19] :
However, calculations show (see Figure 6 ) that this approximation is correct only for a relatively small reduced¯eld intensity E/p < 2000 V/(cm¢torr). Based on the results of our numerical simulations and known experimental data, the following approximations can be proposed for xenon:
The Figure 7 shows, that a minimum value of pd min at which independent discharge ignition is still possible for xenon pd min º 0.17 torr¢cm (for L = 2.89) is ten times less then for helium.
Comparison with the experiments
Let us note that U br (pd ) is not so universal as U cr (pd ). The ignition curve U br (pd ) depends on the model of gas ignition and particularly depends on features of the electrodes.
Penning has shown [20] that the Paschen curve for helium has a turn at pd º 1.5 torr.cm. The turning point is consistent with the results of our simulations of pd min . Penning stated correctly that the turning point is due to the falling of the ionization cross section at high energy. However, Penning did not maintain this point of view, perhaps because there was no such turning point for other inert gases. Later this turning point was observed in mercury vapors [22] .
Apparently, that part of a Pashen curve, which lies more to the left of a point pd min , is related to other mechanism of the discharge ignition, not connected directly with a electrons multiplication in gas. This point of view is supported by the fact, that the Pashen curves in this area depend not only on properties of a material of the cathode, but also from a material of the anode [21] . The mechanism describing this part of Pashen curves requires an additional research.
Recently, the experimental evidence of existence of an upper branch of a Paschen curve for atmospheric pressure (see also [23] ) was presented. The e-beam of subnanosecond duration with record amplitude of a current (in an air ¹ 70 A, in helium ¹ 200 A) was obtained at atmospheric pressure [24] . It is shown that the electronic beam is formed in a stage, when the plasma formed on the cathode, approaches to the anode on a small distance, and criterion (1) is valid.
Conclusion
Thus, we showed that the Townsend mechanism of electron multiplication is true at least up to such large values of E/p at which relativistic electrons are generated. We think that this mechanism work for relativistic electrons too. The phenomenon of electron runaway in a gas is not determined by a predominance of the acceleration of an electron in the¯eld over its deceleration due to collisions. Such consideration leads to a local criterion for runaway. The runaway of electrons in a gas takes place when the interelectrode distance is comparable with or less than the characteristic electron multiplication length.
Therein lies the principal di®erence between the phenomena of runaway in Coulomb plasma and in a gas. This di®erence is due to the fact that in fully ionized plasma new electrons with relatively small velocities are not generated, but the existing electrons are accelerated. On the contrary, in a gas at su±ciently large interelectrode distance, the number of secondary electrons, generated by fast primary electrons on its path, is exponentially high. Some amount of fast electrons that have not participated in collisions becomes negligibly small against their background.
It is also shown that for a particular gas the critical voltage on the electrodes at which the runaway electrons comprise a signi¯cant fraction of the discharge electrons is a universal function of the product of the electrode spacing by the gas pressure. This function also determines the condition for independent discharge ignition. It describes a Paschen curve, but additionally contains an upper branch, which describes the absence of an independent discharge at a high voltage su±ciently rapidly supplied across the electrodes. An approximation of this function for helium and xenon is given. Fig. 1 Energy dependence of the cross section for an electron collision with a helium atom: (1) elastic-collision cross section ¼ el ("), (2) ionization cross section ¼ i ("), (3) 2 1 P excitation cross section, (4) 2 1 S excitation cross section, (5) 2 3 P excitation cross section, and (6) 2 3 S excitation cross section (by data [16] [17] [18] ). (5) for helium. The dot-and-dash curve corresponds to the approximation given by Eq. (2). In the outer regions with respect to the heavy solid curve, electrons escape the discharge gap having no time to multiply. The inner region of the dashed line corresponds to an independent discharge. The white circles corresponds experimental data [20] , the black circles corresponds experimental data [21] . Dotted line corresponds experimental data from book [14] . 
